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Abstract
Most meteorites are fragments from recent collisions experienced in the asteroid belt. In
such a hyper-velocity collision, the smaller collision partner is destroyed, whereas a crater on the
asteroid is formed or it is entirely disrupted, too. The present size distribution of the asteroid belt
suggests that an asteroid with 100 km radius is encountered 1014 times during the lifetime of the
Solar System by objects larger than 10 cm in radius; the formed craters cover the surface of the
asteroid about 100 times. We present a Monte Carlo code that takes into account the statistical
bombardment of individual infinitesimally small surface elements, the subsequent compaction of
the underlying material, the formation of a crater and a regolith layer. For the entire asteroid,
10,000 individual surface elements are calculated. We compare the ejected material from the
calculated craters with the shock stage of meteorites with low petrologic type and find that these
most likely stem from smaller parent bodies that do not possess a significant regolith layer. For
larger objects, which accrete a regolith layer, a prediction of the thickness depending on the
largest visible crater can be made. Additionally, we compare the crater distribution of an object
initially 100 km in radius with the shape model of the asteroid (21) Lutetia, assuming it to be
initially formed spherical with a radius that is equal to its longest present ellipsoid length. Here,
we find the shapes of both objects to show resemblance to each other.
Subject headings: Planetary formation – Chondrites –Planetesimals – Planetesimals
1. Introduction
The meteorites are the best and largest source
of available material as a means to study the for-
mation and evolution of our Solar System, but re-
main to be allocated in their parent body context.
The most primitive meteorites coming from undif-
ferentiated asteroids, are called chondrites. How-
ever, even the most primitive among the mete-
orites are ejecta from recent collisions in the as-
teroid belt. This can be shown by comparing the
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absolute age of the chondritic material, which re-
sembles best the age of the Solar System itself
(Baker et al. 2005), and the cosmic ray expo-
sure age (CREA) (Eugster et al. 2006), which is a
measure for the duration of the journey from the
asteroid belt to the Earth. Herzog (2010) mea-
sured this time to be on the order of a few 10
Myrs, which is much shorter than the time the
present meteorites have spent as part of their re-
spective parent bodies. This short CREA is in
agreement with the present flux of meteorites pro-
duced by objects emerging from the asteroid belt
via resonant phenomena (see, e.g., Morbidelli et al.
(2002); Morbidelli & Gladman (1998); De Elia
& Brunini (2007)). Bodies in the asteroid belt
may enter the ν6, 3:1 and 5:2 resonances and stay
there for a few Myrs to be then transferred to
the Earth. Evidence pointing to these dynamic
delivery mechanisms comes from the meteoroids
with well-determined heliocentric orbit updated in
Trigo-Rodr´ıguez et al. (2015).
When a hyper-velocity impact occurs on an as-
teroid, a pressure wave is generated, which com-
pacts the ejected material as well as the mate-
rial beneath the formed crater. The large number
of collisions over the lifetime of the Solar System
leads to a continuous flux of Earth-crossing me-
teoroids and reduces successively the primitivism
of the remaining asteroids. The collision-induced
compaction of the bodies of the asteroid belt must
be considered when comparing the properties of
asteroids with those of meteorites. Davison et al.
(2013) showed that most of the mass of the aster-
oid belt disappeared after only 100 Myrs and that
the size distribution of the present asteroid belt
has not significantly changed from that time and
can therefore be considered constant for most of
the lifetime of the Solar System. Taking the size
distribution of the present asteroid belt (De Elia
& Brunini 2007), one can show that for instance
an asteroid of 100 km in radius has been bom-
barded more than 1014 times by fragments with
radii between 0.1 m and 22 km during the last
4.5 Gyrs, with the smaller impactors being much
more numerous than the large ones. O’Keefe &
Ahrens (1985) studied the velocity distribution of
impact ejecta and compared them with the escape
velocity of parent bodies with different sizes. The
authors found that 99.9 percent of the crater mate-
rial that is produced by an impact at 5 km s−1 on
a asteroid with 100 km in radius is gravitationally
recaptured. Following this, a regolith layer should
be present on all larger objects in the asteroid belt
down to sizes of a few km. Such small bodies only
recapture about 50 percent of the crater ejecta.
The packing density of the regolith layer was re-
cently studied by Schra¨pler et al. (2015) and is
mostly independent of the size of the parent body
and for not too small grains independent of the re-
golith grain size. Typical volume filling factors are
φ = 0.6, close to the limit of random close pack-
ing. Here, the volume filling factor φ describes the
ratio between the volume filled with material and
the total volume of the body.
Holsapple (1993) studied the formation of
craters in hyper-velocity impacts and found that
the crater size can reach up to ten times the size
of the impactor, and mainly depends on the col-
lision velocity and the physical properties of the
target. When the number of collisions and the
size and velocity distributions of the impactors
are known, the crater coverage of the target aster-
oid can be computed. An asteroid with 100 km
radius is covered ∼ 100 times with craters of sizes
∼ 1 m and above. Thus, the most recent collisions
by which the present-day meteorites are produced
cannot be considered to originate from primitive
asteroidal material but stems from pre-compacted
matter (Blum et al. 2006). In laboratory impact
experiments, Beitz et al. (2013) found that the
shock wave, which originates from the impact, not
only consolidates the target within the crater vol-
ume, but penetrates significantly deeper into the
target below the crater bed where it leads to a
consolidation of the remaining body. This com-
paction process changes the initial condition of all
further impacts. Details on the experiments by
Beitz et al. (2013) will be given in Section 2.2.
The idea of this study is to predict the colli-
sional evolution of a chondritic parent body un-
dergoing a sequence of impacts over the lifetime
of the Solar System. In Section 2, we elaborate on
our compaction model for hyper-velocity impacts.
Section 3 introduces the collision frequency of an
asteroid of 100 km radius with bodies in the ra-
dius range between 0.1 m and 22 km. In Section
5 we compare a 3-dimensional approach of sur-
face cratering with a new 1-dimensional approach.
In Section 4 we present our Monte-Carlo code to
study the collisional evolution of this asteroid un-
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der bombardment, Section 6 presents the results
of our study, in Section 7 we discuss these results
in the context of meteoritic and asteroidal proper-
ties, and we conclude our findings in Section 8.
2. The impact compaction model
In this study, we present an evolution model for
asteroids, which is mainly based on the results of
laboratory compaction experiments. The asteroid
belt is a dense and dynamical region of our Solar
System. Due to intense resonances with Jupiter,
the formation of a planet-sized rocky body beyond
Mars was prevented, because destructive collisions
were frequent among the objects of the asteroid
belt, and also gravitational scattering induced by
giant planets played a role. The present and the
initial population of the asteroid belt (De Elia &
Brunini 2007) show a strong depletion of objects
with radii smaller than 50 km. Thus, we expect
any larger asteroids to mostly survive the bom-
bardment with smaller objects for a duration 4.5
Gyrs. The by far largest number of collision part-
ners is much smaller than the target size and, thus,
intrinsically harmless for the survival of the aster-
oids.
In the first part of this Section, we will show
that the hydrostatic pressure of asteroids up to 100
km radius is too low to compress the material to
volume filling factors measured in chondrites (φ =
0.6 − 1, see Macke et al. (2011)). In the second
part of this Section, we recapitulate the results
and constraints from the compaction experiments
performed by Beitz et al. (2013) and show how
we apply them to the numerical simulation in this
work. The second important part in this study
is the cratering process in high-velocity impacts.
The used equations and assumptions will also be
presented there.
To take the effect of previous impacts on the
outcome of present collisions into account, we as-
sume an initially large (100 km radius) and porous
(φ = 0.6) parent body as predicted by Morbidelli
et al. (2009). However, our results are easily scal-
able to other parent-body sizes.
2.1. The unimportance of hydrostatic
compaction
The assumption that the parent bodies are ini-
tially formed porous is supported by several differ-
ent facts. Britt et al. (1987) estimated the macro-
porosity of asteroids by scaling the size of the
measured asteroids with the bulk porosity of cor-
responding meteorites. The authors showed that
the asteroids cover a wide range of volume filling
factors but cluster for objects of about 100 km
in size at volume filling factors of φ ∼ 0.7. The
presence of foliation, which is frequently found in
chondrites, originates from hyper-velocity impacts
on porous material (Gattacceca et al. 2005).
Large celestial objects are subject to hydro-
static compression in their interiors that lead to
a compaction of material and, thus, to a density
increase towards the center. The hydrostatic pres-
sure in the center of a body with radius R and
mass M is given by pc =
3
8pi
GM2
R4 , with G being
the gravitational constant. If the compressional
strength of the material, pcomp, is known, then one
can calculate the maximum radius for which the
material does not yield the hydrostatic pressure
and gets
Rmax =
√
3pcomp
2piG%2
, (1)
with ρ being the constant mass density in the in-
terior of the body. From Fig. 11 in Beitz et al.
(2013), we derive that the compressional strength
of dusty material consisting of micrometer-sized
monomer grains is on the order of pcomp = 10
7
Pa, i.e. hydrostatic or impact pressures exceeding
this value are required to remove the microporos-
ity within the dusty material. The mass density
is in the range % ≈ 1, 000− 2, 000 kg m−3 for vol-
ume filling factors between φ = 0.3 and φ = 0.7.
This leads to maximum radii in the range of 134
km - 268 km. This means that bodies with radii
below ∼ 100 km will not experience significant hy-
drostatic compression and will, thus, be able to
sustain a constant mass density.
This is also true if the bodies were formed by
gravitational collapse, following the model by Jo-
hansen et al. (2007). Here, planetesimals form by
the gravitational collapse of pebble-sized dust ag-
gregates, which undergo low-velocity mutual col-
lisions during the contraction phase. Wahlberg
Jansson & Johansen (2014) calculated that due to
frequent low-velocity collisions among the pebbles,
the average collision speed stays below 1 m s−1,
which corresponds to dynamical pressures on the
order of 1 kPa, well below the material strength of
the pebbles (see above). However, pressures as low
3
as∼ 105 Pa are sufficient to deform the dust aggre-
gates. The central pressure inside a body with 100
km radius is typically few MPa so that the poros-
ity on size scales comparable to the dust-aggregate
sizes is removed (see Fig. 11 in Beitz et al. (2013)).
Thus, for pressures above ∼ 105 Pa, the volume
filling factor is expected to be φ ≈ 0.6, through-
out most of the volume of the body. Mind that
the removal of the remaining microporosity is only
possible for pressure levels of p ≥ pcomp = 107. It
is therefore appropriate to assume that the initial
asteroid-sized planetesimals were spatially homo-
geneous in density and porous, which is what we
will do in our model as described below.
2.2. Constraints from experimental stud-
ies
The numerical model presented below is based
on the impact experiments and constraints from
our previous work (Beitz et al. 2013), in which we
studied the compaction of chondritic analog ma-
terial in high-velocity impact experiments. The
samples consisted of µm-sized silica grains, which
can be seen as an analog material for the matrix
of chondrites, and of mm-sized solid alumina and
glass beads, which serve as analogs for the chon-
drules in chondrites. Thus, mixing the two com-
ponents in different proportions, the compaction
behavior of ordinary chondrites and carbonaceous
chondrites was studied separately by using chon-
drule fractions of more than 80 percent or less
than 50 percent, respectively. The chondritic ma-
terial was filled into nylon tubes, which were en-
shrouded by massive steel housings to prevent the
nylon tubes from breaking apart when being im-
pacted by the projectiles. The projectiles were alu-
minum rods with varying lengths, whose diameter
were kept constant and were only slightly smaller
than the inside diameter of the nylon tubes. By
choosing these parameters, the whole energy was
dissipated in compacting the target and the for-
mation of a crater was prevented. After the im-
pact, the compacted target was analyzed using
computer-aided X-ray tomography. The degree of
compaction was analyzed as a function of depth
and we found the highest consolidation close to
the point of impact. To calculate the impact
pressure, the impedance-matching method from
Melosh (1989) was adopted. This theory was ex-
tended to be porosity-dependent and provides the
maximum impact pressure at the projectile-target
interface, i.e.
pmax = p(φ)p/t = %p/t·(C(φ)p/t+Sp/t·u(φ)p/t)·u(φ)p/t.
(2)
Here, up/t is the “particle velocity” introduced
by Melosh (1989), Sp/t denotes a material con-
stant related to the Gru¨neisen parameter, %p/t is
the mass density of the projectile and target, and
C(φ)p/t is the porosity-dependent sound speed
(see details in Beitz et al. (2013)). The indices
p/t denote that the variables are to be taken for
the projectile or the target, respectively. In Fig.
1, the correlation between this pressure and the
volume filling factor is given as measured in the
experiments for dust-dominated and chondrule-
dominated samples, which can be regarded as
analogs for carbonaceous and ordinary chondrules,
respectively (see above). In the experiments, we
found that the degree of compaction decreases
with increasing depth within the sample and is
a function of the length h of the impacting projec-
tile, following p ∝ ha. This is in good agreement
with the findings of previous studies by Nakazawa
et al. (2002). In their experiments, the authors
found the exponent a for the relevant pressure
range to be a = 1.8± 0.2.
Eq. 2 can be simplified if the projectile and
target material and density are identical. It then
reads
pmax = %p=t · (C(φ) + Sp/t · vimp) · 0.5 · vimp, (3)
using the impact velocity vimp instead of the ab-
stract “particle velocity”. We use the simplified
Eq. 3 as an approximation to Eq. 2 under the as-
sumption that all objects and, thus, collision part-
ners in the asteroid belt are statistically exposed to
the same number of collisions per unit area during
their evolution, and are, thus, compacted in the
same way. In this study we will focus on ordinary
chondrite parent bodies.
2.3. Cratering law
In the following, we briefly describe the crater-
ing law that is used to evaluate the production of
craters on large asteroids by impacts with the pop-
ulation of small bodies in the asteroid belt during
the age of the Solar System.
We follow the pi-group scaling of Holsapple
(1993) to determine the size of the crater. There
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Fig. 1.— Relation between the volume filling fac-
tor and the maximum pressure for dust-dominated
and chondrule-dominated samples, using the mod-
ified data of Beitz et al. (2013). The yellow curve
is fitted to the dusty carbonaceous chondrite (CC)
analog samples shown as triangles and has a slope
of 0.082. The blue curve is fitted to the analogs
of the ordinary chondrite (OC) samples and has a
slope of 0.072.
are two radii in a transient crater that can be
identified, Rtr and Rtc, respectively. Dtr = 2Rtr
is the corresponding diameter of the transient
crater measured from rim crest to rim crest, while
Dtc = 2Rtc is the diameter of the transient crater
measured at the pre-impact surface. It was found
that Dtr = 1.3Dtc (Collins et al. (2005), Holsapple
(1993)). Holsapple (1993) gives for Rtc
(ρt
m
)( 13 )
Rtc = (K1)
( 13 )
[
pi2 + pi3
(2+µ)
2
] −µ
(2+µ)
. (4)
Here, pi2 and pi3 are the ratio of the lithostatic
pressure at a depth equal to one projectile radius
to the initial dynamic impact pressure and the ra-
tio between the crustal material strength and the
initial dynamic impact pressure, ρt and m are the
mass density of the target body and the impactor
mass, and K1 and µ are material-dependent fitting
parameters, respectively.
Then, if pi2 > pi3
(2+µ)
2 , impacts are in the grav-
itational regime, while, if pi2 < pi3
(2+µ)
2 , impacts
are in the strength regime.
The diameter of a transient crater decreases
with increasing obliquity, all other factors remain-
ing constant. Expressed in terms of crater volume
V , it has been found that V ∝ sin θ (e.g. Gault
& Wedekind (1978)), where θ is the impact an-
gle (i.e., θ = 90 deg for vertical incidence). Then,
taking into account the impact obliquity, the ra-
dius of the crater in the gravitational and strength
regimes may be obtained from Eq. 4. In the gravi-
tational regime, we neglect the second term in Eq.
4 and the radius of the transient crater is then
given by
Rtcg = Cg
−( µµ+2 )v
( 2µ2+µ )
imp r
( 22+µ )
imp (sin θ)
1
3 , (5)
while in the strength regime, the first term in
Eq. 4 is neglected to obtain the radius of the crater
Rtcs = C
(
Y¯
ρtv2imp
)(−µ2 )
rimp (sin θ)
1
3 . (6)
Here, vimp, rimp, g and Y¯ are the impact ve-
locity, the impactor radius, the surface gravity of
the target and the effective material strength, re-
spectively. Moreover, C = (K1)
( 13 )( 4pi3 )
( 13 ). Hol-
sapple (1993) obtained K1 = 0.24 for dry soil
and 0.2 for soft rock, while Schmidt & Housen
(1987) give K1 = 0.33 for dry soil. From these
values of K1, C results as being on the order of
unity for both materials so that we further assume
C = 1. For (sin θ)1/3 we take the average value of
< (sin θ) >1/3= (pi/4)1/3.
We carried out calculations for both materi-
als, dry soil and soft rock. For dry soil, we as-
sume µ=0.41 and Y¯=0.18 MPa (Holsapple 1993).
For soft rock, Holsapple (1993) gives µ=0.55 and
Y¯=7.6 MPa. We take µ=0.5641 and Y¯=7.6 MPa
for soft rock, arriving at the expressions for Dtc
given by Davison et al. (2013) and Collins et al.
(2005) in the gravitational regime and by As-
phaug (2008) in the gravitational and strength
regimes. We assume that the transition between
the strength and the gravitational regimes occurs
at rimp= 165 m for dry soil and at rimp= 724 m
for soft rock. The depth dtc and rim height htr of
the transient crater measured from the pre-impact
surface are dtc = Rtc/
√
2 and htr = 0.07Rtr
(Collins et al. 2005; Holsapple 1993). For im-
pactors in the strength regime, we assume that
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the final crater radius rc = Rtcs, with Rtcs given
by Eq. 6 and the crater depth hc = dtc, i.e.,
hc = Rtcs/
√
2. In the gravitational regime, the
transient crater is an intermediate step in the de-
velopment of the final crater, which may be simple
or complex. The transition from simple to com-
plex craters is known to occur at 3.2 km on Earth
and at 18 km on the Moon (Davison et al. 2013;
Collins et al. 2005). The simple-to-complex tran-
sition diameter is given by (Davison et al. 2013)
dsc =
gmoonρmoondscmoon
gρt
, (7)
where gmoon, ρmoon, and dscmoon are the surface
gravity, density and simple-to-complex transition
diameter on the Moon. From Eq. 7, we obtain
dsc ∼ 1, 000 km for a target of radius 100 km.
Then, all the final craters on our asteroidal tar-
get are simple craters and there are no complex
craters. For simple craters, the collapse process
is well understood, where highly brecciated and
molten rocks that were originally pushed out of
the opening crater slide back down the steep tran-
sient cavity walls, forming a melt-and-breccia lens
at the base of the crater (Collins et al. 2005). To
derive the final crater radius and depth for sim-
ple craters, we follow Collins et al. (2005). They
obtained that the rim -to-rim diameter of a sim-
ple crater is Dfr = 1.25Dtc. For impactors in the
gravitational regime, we then assume that the final
crater radius is rc = 1.25Rtcg, with Rtcg given by
Eq. 5. The rim height, hfr, above the pre-impact
surface and the unbulked breccia lens volume, Vbr,
were derived by Collins et al. (2005) to be
hfr = 0.07
D4tc
D3fr
, (8)
and
Vbr = 0.032D
3
fr, (9)
respectively.
Then, the breccia lens thickness tbr may be ex-
pressed in the following form (Collins et al. 2005)
tbr = 2.8Vbr
(
dtc + hfr
dtcD2fr
)
. (10)
For impactors in the gravity regime, we assume
that the final crater depth hc = dfr, where the
crater depth dfr is measured from the crater floor
(above the breccia lens) to the rim crest and is
given by
dfr = dtc + hfr − tbr. (11)
3. Collision rate and impact velocity
In this section, we will describe how the colli-
sion frequency for an asteroid with primordial di-
ameters between 70 and 268 - 536 km is calculated.
The lower bound of 70 km in the asteroid diam-
eter is taken as the smallest size without likely
catastrophic fragmentation during the age of the
Solar System. A catastrophic collision of a tar-
get body occurs when it collides with an impactor
that carries sufficient energy to cause the largest
remnant to possess 50% of the initial target mass.
Jutzi et al. (2010) calculated that a catastrophic
collision occurs when a projectile with ∼ 27 km
radius hits a porous target with 100 km radius.
For target radii of 10 km, an object of ∼ 1 km
radius is sufficient to catastrophically disrupt the
target. The present average time between catas-
trophic collisions for asteroids with diameters be-
tween 1 m and 10,000 m is in the range between
3-6 Myrs and 1.7-2.7 Gyrs (De Elia & Brunini
2007).For objects with radii of ∼ 35 km, the mean
time between catastrophic collisions 3.8-4.6 Gyrs,
i.e., comparable to the age of the Solar System.
Thus, our treatment is valid for targets of this
minimum radius of ∼ 35 km. The upper bound
of 268 - 536 km in diameter is given by the condi-
tion of hydrostatic compaction (see Section 2.1).
Taking into account these bounds, we henceforth
assume a target asteroid of 100 km radius, but
our results can easily be applied to other asteroid
sizes in the range given above. We also assume
henceforth that the asteroid was small enough or
formed late enough to escape melting and, thus,
differentiating (Yoshino et al. 2003).
We study the collision frequency and the size
frequency distribution of the projectiles (small as-
teroids) impacting the target (large asteroid) dur-
ing the age of the Solar System. The collision fre-
quency of those impactors can be derived from the
smoothed number-frequency distribution of the
present asteroid belt (De Elia & Brunini 2007).
The impact rate is calculated assuming two con-
stant values for the impact velocity vimp, namely
3 kms−1 and 5 kms−1, respectively, which are be-
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low and above the mean collision velocity of the
asteroid belt (see Fig. 3). These limits simulate a
conservative and more progressive number of col-
lisions over the lifetime of the Solar System. It
should be mentioned that the assumption of con-
stant impact velocity is only used to derive the
impact rate (see Eqs. 12 and 13) and not for the
crater properties.
Davison et al. (2013) obtained that most of the
mass of the asteroid belt disappeared after only
100 Myrs and that the size distribution of the
present asteroid belt can be considered as constant
during the age of the Solar System. This is also
in agreement with the results obtained by Bottke
et al. (2005), which indicate that the main-belt
size distribution is predominately a fossil from the
early stages of the Solar System. Thus, we take
the “Final Main Belt population” of Fig. 7a of
De Elia & Brunini (2007) as the size frequency
distribution of the projectiles of radius r impact-
ing a target of radius 100 km during the age of the
Solar System.
The number of impacts on the target was com-
puted from the data of that Figure, which were
kindly provided to us by de El´ıa (pers. comm.).
These data comprise the total number of asteroids
N(ri, ri+1) in a bin of impactor radius [ri, ri+1]
in the main belt, extending from 2 AU (approxi-
mate location of the ν6 secular resonance) to 3.27
AU (location of the 2:1 mean motion resonance).
In addition, we fit from these data a differen-
tial power-law size-frequency distribution of index
p ∼ −2.8 for 0.1 m ≤ r ≤ 135 m and p ∼ −1.7 for
135 m ≤ r ≤ 22 km. The computations by De Elia
& Brunini (2007) take into account the action of
the Yarkovsky effect, the effect of the “powerful
resonances” ν6, 3:1, 5:2, and 2:1, and collisional
fragmentation. We cut the size frequency distribu-
tion at a minimum projectile radius of 0.1 m, since
smaller bodies are strongly affected by Poynting-
Robertson drag, considerably reducing their life-
times in the asteroid belt. We assume a maximum
projectile radius of 21,976 m, since collisions with
larger objects would lead to a crater depth larger
than the 100 km radius of the assumed asteroid.
This upper impactor size limit is in full agreement
with the collision probability calculations by Davi-
son et al. (2013) (their Fig. 4), who predict only
a probability of ∼ 9% for impacts with projectiles
above 20 km radius. The projectiles in the size
range 0.13264 m ≤ r ≤ 21,976 m are distributed in
53 logarithmically equidistant size bins following
ri+1 = 1.26 ri for i = 1 . . . 52 (De Elia & Brunini
2007).
The number of impacts of projectiles in the ra-
dius range (ri, ri+1) on a target of radius R per
unit time is given by the flux of projectiles onto
the target times its collision cross section. The
former is the product of the number density of the
impactors, N(ri, ri+1)/V , and the impact speed,
vimp, with which the projectiles hit the target.
The latter is given by piR2. Thus, we get the num-
ber of impacts of projectiles in the radius range
(ri, ri+1) per unit time
dNp(ri, ri+1)
dt
=
N(ri, ri+1)piR
2vimp
V
, (12)
where the unit volume V is given by
V = 4piao∆aoH, (13)
and ao = 2.635 AU, ∆ao = 0.635 and H = 3.7·107
km or H = 6.2 · 107 km being the mean semima-
jor axis of the asteroid belt, its half width and its
mean thicknesses using mean velocities of 3 and 5
km s−1, respectively (see above). As shown in Fig.
2, the total number of impacts is almost indepen-
dent of the assumed impact velocity, the latter in-
fluencing the coverage of the targets surface only.
It should be mentioned that the impact-velocity
dependence of the impact rate shown in Eq. 12
is caused by the excitation of the orbits, which
results in enhanced eccentricities and inclinations
and, thus, in higher impact speeds (see Eq. 16).
The total number of impacts in each impactor
size bin over the age of the Solar System is com-
puted as
Ncol(ri, ri+1) =
dNp(ri, ri+1)
dt
4.5Gyrs. (14)
The number of “complete surface coverages” by
craters resulting from those impacts is
Ns(ri, ri+1) =
r2cNcol(ri, ri+1)
4R2
, (15)
where rc is the crater radius caused by projectiles
in the size range (ri, ri+1), given by Eq. 5 or Eq. 6.
In the top panel of Fig. 2, the number of collisions
Ncol,3 and Ncol,5 for two constant collision veloci-
ties of 3 and 5 km s−1 are shown. The lower panel
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of Fig. 2 denotes the number of “complete surface
coverages”, which describes how many times on
average each surface element is statistically part
of a crater and, thus, affected by an impact for a
given projectile size. Due to the dependence of the
crater size on the impact velocity (see Sect. 2.3),
the surface coverage is higher for impacts occur-
ring at 5 km s−1. The total surface coverage for
projectiles of all radii between 0.1 m and 22,000 m
is 152 and 187 times using the material properties
for dry soil and soft rock given by Holsapple (1993)
and a mean impact velocities 5 km s−1. Reducing
the mean impact velocity to 3 km s−1, the total
surface coverage drops to 85 times using soft rock.
To derive the number of impacts and crater
sizes on the target asteroid, the collision velocity
vimp =
√
(v2e + v
2
inf) needs to be derived, where
ve and vinf are the escape velocity from the target
body and the relative velocity between projectile
and target at large distances and averaged over
an epicycle and over a vertical oscillation, respec-
tively. For an asteroid of 100 km radius, the escape
velocity is on the order of 0.2 km s−1 and, thus,
small compared to the typical collision velocities
in the asteroid belt. Therefore, it was neglected in
the subsequent calculations. Thus,
vimp ≈ vinf =
√
ε2 + i2 · vkep, (16)
with ε, i and vkep being the mean orbital ec-
centricity of the colliding objects, the inclination
(assumed to be small so that sin i ≈ i) and the
Keplerian velocity, respectively. The Keplerian
velocity is calculated at the mean semimajor axis
of ao = 2.735 AU, i.e., for an extent of the as-
teroid belt between 2.2 and 3.27 AU. Assuming
that the local dispersion velocity with respect to
the local Keplerian speed is isotropic (vinf,x =
vinf,y = vinf,z), we get ε
2v2kep = v
2
inf,x + v
2
inf,y and
i2v2kep = v
2
inf,z, ε = 2i (Parisi 2013) and the height
of the disk H = aoi with i = vinf/(
√
6vkep).
To determine the distribution of the collision ve-
locities of the asteroid belt, we used the orbital
parameters of ∼ 500, 000 asteroids, provided by
http://ssd.jpl.nasa.gov/dat/ELEMENTS.NUMBR.
and shown in Fig. 3.
4. The Monte Carlo code
In this section, the simulation code is presented.
To describe the impact history on the surface and
Fig. 2.— Top: Differential number of impacts
of impactors with radii in the range between 0.1
m and 22,000 m on a 100 km radius parent body
over 4.5 Gyrs at a constant impact velocity of 3
and 5 kms−1, using the material properties for dry
soil and soft rock given by Holsapple (1993). Bot-
tom: Differential coverage of the target surface by
craters resulting from the impactors shown at the
top. The total coverage of the asteroid surface by
craters of all sizes is 85, 152 and 187 times, for soft
rock at 3 and 5 kms−1 and dry soil at 5 kms−1.
The behavior for dry soil is only shown for com-
parison. The bin size in both cases is a factor 1.26.
8
Fig. 3.— Velocity-frequency distribution of the
present asteroid belt calculated as the dispersion
velocity from the distribution of about half a mil-
lion objects in the asteroid belt with known orbital
elements and semi axis between 2.2 and 3.75 AU.
in the interior of an asteroid, we randomly pick
an infinitesimally small point on the asteroid. For
this point, we calculate for short time intervals the
probability to be located within a newly formed
crater. Depending on the crater size and the
particular location of our arbitrary surface point
within the crater, we calculate the excavated layer
thickness and pressure decrease with increasing
depth under the crater floor. The material be-
low the crater floor is then compacted according
to our experimental findings presented in Beitz
et al. (2013). This procedure is repeated until 4.5
Gyrs of simulation time have passed. As a par-
ticular surface point is on average only covered a
few times by small craters and even less by large
ones (see Fig. 2 bottom), we repeat the proce-
dure for up to 10,000 surface points to also sta-
tistically capture the large craters. Each of these
10,000 surface points is treated individually with
its own list of impacts generated according the im-
pact probability distribution. The only shortcom-
ing from this parallel approach is that we do not
allow two or more of the surface elements to be
part of the same crater. In this section, we will de-
scribe our Monte Carlo code with which the out-
come of the bombardment was investigated, the
approximations made, and the tests performed.
We derived the probability that a surface ele-
ment falls within the crater made by an impact of
a projectile with a given size from the crater cover-
age shown in the lower part of Fig. 2. We divided
the total lifetime of the asteroid of 4.5 Gyrs in 106
time steps of 4,500 yrs each and approximated the
probability for being hit by an impactor of a given
size by the crater coverage divided by 106. For a
total crater coverage of ∼ 100, this gives an av-
erage probability of ∼ 10−4 per time step, small
enough to prevent double impacts.
The code is divided into two individual parts.
In the first simulation part, a list with the col-
lision sequence for each surface element is pro-
duced, consisting of the impactor size, the collision
time, the position of the surface element within the
crater, and the collision velocity. In the second
part of the simulation, each surface element is ex-
posed to its sequence of impacts according to the
list generated before and the physical alterations
within the 100 km long, one-dimensional volume
element, i.e. compaction, release of crater material
and regolith deposition (if applicable), are applied.
For the first part mentioned above, it is first
determined whether or not an impact occurs in
the given time step of 4,500 yrs. Starting with the
largest size bin of impactors, we draw a random
number from a uniform distribution and compare
it to the probability of a collision as described
above. If the random number is larger than the
probability, the procedure is continued with the
second largest impactor until either a collision is
determined (random number smaller than proba-
bility) or the smallest size bin is reached. In the
latter case, no impact happens during this time
step. If an impact is detected, the time and im-
pactor size are stored. In this case, another ran-
dom number is generated from which the impact
velocity is randomly selected from the distribu-
tion shown in Fig. 3 (see Sect. 3). To account for
the reduction of the impact velocity due to non-
normal impacts, the impact angle θ is randomly
generated and the impact velocity is reduced by
multiplying the impact velocity with sin(θ), fol-
lowing Gault & Wedekind (1978). Finally, a last
random number, drawn from a squared distribu-
tion, decides where inside the crater the surface
element is located. Here, a value of 0 denotes the
crater center for which the crater depth is maxi-
mal, whereas a value of 1 represents the crater rim
with no excavated material.
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In the second part of the simulation, the evolu-
tion for each of the 104 surface elements is calcu-
lated individually, following the collision-sequence
list produced in the first part. For each impact
of the list, we calculate the impact pressure, the
propagation of the shock wave with the resulting
change in volume filling factor, as well as the loss
of material due to the cratering process. This is
performed for each collisions following the steps
1-7, which are illustrated in Fig. 4. Step 8 is
only applied when the re-accretion of regolith is
considered. Step 9 is analog to step 2 for the sub-
sequent impact. In the following, we describe the
individual steps of the simulation. 1: Before the
impact, the considered element is described by a
one-dimensional array with 105 1-m deep entries,
corresponding to a total depth of 105 m with an
initial volume filling factor. 2: For the consid-
ered impact, the element is extended to a two-
dimensional array, with the additional radial di-
mension given by the crater radius calculated for
the impact condition. This is justified as most
craters on asteroids are extremely circular. 3:
The impact pressure is calculated according to
Eq. 3 with the parameters %p=t = 3, 000kg/m
3,
Sp/t = 1, C(φ) = 7.0 · exp (6.5 · φ) and the im-
pact velocity taken from the list of collisions de-
rived in the first part of the simulation. To calcu-
late the resulting distribution of the volume filling
factor from the impact-pressure distribution, the
power law which was experimentally determined
by Beitz et al. (2013) for ordinary chondrites is
used (see Fig. 1). The calculated maximum pres-
sure is applied to the upper left corner (central
impact point) of the two-dimensional array and
the radially symmetric decrease of the pressure is
calculated by p ∝ h−2, with h being the distance
from the impact point, until the resulting volume
filling factor falls below the value of the pre-impact
situation. We approximated the isobaric core di-
rectly under the impactor by keeping the pressure
constant for h ≤ rimp (Pierazzo & Melosh 2000) .
The pressure decrease according to p ∝ h−2 then
starts in a depth of one impactor radius rimp. We
formally calculated the resulting volume filling fac-
tor over the whole depth of 100 km and then took
the maximum value from before and after the con-
sidered impact. The size reduction of the target
due to the compaction is not taken into account
at this point, but is applied after the last impact
on each surface element. 4: Final random num-
ber, drawn from a quadratic distribution, deter-
mines where in the crater the considered element
is located, with a value of zero meaning in the
crater center and a value of unity meaning at the
crater rim. 5: The observed surface element is cut
out of the two-dimensional cross section and re-
duced to a one-dimensional array from the surface
to a depth of 100 km in 1-m steps. 6: This one-
dimensional array is divided at the crater bottom
into i) the crater ejecta, which either fall back and
form a regolith layer or escape into interplanetary
space forming meteoroids, and ii) the compacted
remaining asteroid material. Information about
the crater ejecta is saved, along with the experi-
enced pressure and crater size, for later use. 7:
The remaining surface element is filled up at the
bottom with material that has the same volume
filling factor as the lowest point so that the re-
sulting array is again 100 km long and consists
of 105 elements. This then serves as the new sur-
face element for further impacts, but with the pre-
compaction of the earlier collisions. Information
about the amount of material (i.e. the number of
elements) ejected from the crater, i.e. the actual
depth of the surface of the one-dimensional ele-
ment, is stored for later use (see point 6 above).
8: In case of larger parent bodies, it is assumed
that most of the material is recaptured by the par-
ent body (see discussion in Sect. 1). This leads
to the formation of a regolith layer on top of the
compacted material. We assume that the ejected
and re-accreted material is evenly distributed over
the asteroid. Thus, the thickness of the layer ac-
cumulated per time step is calculated by the mean
amount of total ejecta of the 104 surface elements
during 4.5 Gyrs, divided by the time span between
two successive impacts. We assume that the re-
deposited regolith particles form a layer with a
volume filling factor of φ = 0.6 (Schra¨pler et al.
2015). 9: As in step 2, the one-dimensional ele-
ment with the record of the previous impacts is ex-
tended into a two-dimensional array, with a width
corresponding to the crater radius of the subse-
quent impact.
To account for the smaller volume per unit
mass for the impact-compacted material, the one-
dimensional elements are compressed after the last
impact. The size reduction factor is given by the
ratio of the initial volume filling factor and the
10
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Fig. 4.— Schematics of the Monte Carlo simula-
tions described in this paper. Steps 1-7 are per-
formed sequentially for all collisions on this partic-
ular surface element, step 8 is only performed if re-
golith deposition is considered and step 9 is analog
to step 2 for the subsequent impact. Colors denote
the volume filling factor according to the color ta-
ble used in Fig. 5. 1: The initial surface element
extending 100 km into the interior of the aster-
oid with an initially constant volume filling factor
of 0.6. 2: For the selected impact, the surface
element is horizontally blown up to the resulting
crater radius while keeping its depth constant. 3:
The impact pressure is calculated according to Eq.
3 for the central impact point (upper left corner in
the sketch); the pressure decreases with distance h
to the impact point according p ∝ h−2 in all direc-
tions until the corresponding volume filling factor
reaches the background value. The solid curve de-
notes the crater bottom. 4: The position of the
surface element in the crater is determined by a
random number drawn from a squared distribu-
tion. 5: At the chosen position, a linear element
is cut out of the two-dimensional cross-section ar-
ray. 6: The linear element is cut in two pieces
at the position of the local crater bottom (solid
curve in 4, 5 and 6), with the upper part being the
ejecta from the crater and the lower part being the
compacted remaining material. 7: The remaining
bottom part is filled up from below with uncom-
pacted asteroidal material and denotes the initial
element for the subsequent impact. 8: If the ef-
fect of re-accretion of ejecta material is studied, a
layer of regolith is now added on top of the surface
element. Its thickness is calculated by the mean
amount of crater ejecta from all 10,000 elements
for the time until the next impact. 9: Analog to
step 2, the new element is extended to the crater
radius of the following impact. Here, the volume
filling factor distribution is assumed to be inde-
pendent of the radial coordinate.
mean volume filling factor of the element. The
distance to the initial asteroid surface (indicated
by the horizontal dashed lines in Fig. 5 is calcu-
lated by moving the surface of the one-dimensional
array downward by the sum of all crater depths
experienced by this element. An example of a full
simulation (without regolith deposition) is shown
in Fig. 5, where the four panels depict the colli-
sional evolution of a simulated asteroid at four dif-
ferent times, as indicated in the upper left corner
of each panel. The colors denote the volume fill-
ing factor (initially being φ = 0.6 throughout the
asteroid), as shown by the color bar on the right.
In this simulation, the collision rate is taken from
the case of 5 km s−1 impact speed, as shown in
the bottom panel of Fig. 2. The surface elements
are sorted by their cumulative crater depths. For
visibility reasons, only 200 (out of 10,000) surface
elements are shown. The average volume filling
factor for each of the four times is shown in the
upper right corner of the panels. This simulation
is used as a reference to all other simulations.
To gain statistical significance, in total up to
104 one-dimensional elements were used in our
Monte Carlo model. The total crater-depth dis-
tribution is shown in Fig. 6 for 50 different simu-
lations with 101 (dark blue), 102 (dark green), 103
(light green), and 104 (light blue) surface elements,
respectively. One can see that the spread between
simulations with the same number of elements sig-
nificantly decreases with increasing number of el-
ements. For 104 elements, the total spread in sur-
face height is approximately ±10 percent, which
we regard as being sufficiently precise.Contrary
to intuition, the statistical significance does not
significantly deteriorate towards the largest im-
pactors, because our Monte Carlo method is based
upon crater areas and not impact rates. As a com-
parison between the two panels of Fig. 2 shows,
the coverage for the largest impactor sizes is still
several ten percent per size bin, whereas the total
number of impacts is only on the order of unity
for the full simulation time of 4.5 Gyrs.
Thus, although formally a single crater can only
contain a single one-dimensional surface element
(and large craters are rare), this is not a statis-
tical problem in our code, because we calculated
the probability distribution according to surface-
area coverage so that effectively large craters are
represented by accordingly more surface elements.
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Fig. 5.— Snapshots of the temporal evolution of the cumulative crater depth and the interior compaction
of an asteroid with initially 100 km radius for times as indicated in the upper left of the four panels. The
colors denote the volume filling factors of 200 (arbitrarily chosen from the 10,000 available) one-dimensional
elements, according to the color bar on the right, and sorted by the total crater depth. The plot show the
compaction of the whole asteroid, and take the difference in depth from the initial surface i.e. the craters
depth, and the compaction due to the higher volume filling factor into account. The occasional white lines
at the bottom are caused by the material compaction. The horizontal dashed lines show the initial surface
of the asteroid. The average volume filling factor of the compacted asteroid is indicated in the upper right
of each panel. The initial volume filling factor of the whole asteroid was φ = 0.6. Regolith re-deposition was
neglected in this simulation.
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Fig. 6.— Spread of crater-depth distributions
for 50 simulation with 101 (dark blue), 102 (dark
green), 103 (light green), and 104 (light blue) one-
dimensional elements, respectively. Mind that the
ordinate is shown in logarithmic units.
5. Numerical simulations of asteroid com-
paction – three-dimensional versus one-
dimensional approach
The idea of this study is to predict the colli-
sional evolution of an asteroid of 100 km radius
over the lifetime of the Solar System through the
simulation of the full sequence of experienced im-
pacts and to compare the ejecta of recent collisions
with typical chondritic meteorites. In this Section,
we will show that a full three-dimensional model of
asteroid compaction leads to the same results as a
simplified one-dimensional model, which does not
explicitly treat the spatial position of the impact.
We will discuss the advantages and drawbacks of
both models.
The first and most intuitive approach is to ex-
plicitly simulate all collisions that the asteroid ex-
periences during its lifetime of 4.5 Gyrs. To real-
ize this, we created a spherical three-dimensional
asteroid and exposed it to a statistical bombard-
ment randomly distributed over its entire surface.
The parent body was discretized with a number
of equidistant Cartesian surface points. The dis-
tance between two neighboring surface points de-
termines the spatial resolution of the simulation.
By choosing 105 surface points, the minimum dis-
tance between two neighboring points is 1,016 m.
Thus, a crater produced by an impact must be
larger than this size to be detected by at least one
of the surface elements. This minimum crater size
corresponds to an impact of a projectile with at
least ∼ 100 m radius at an impact velocity of 5
km s−1. We chose as the minimum impactor ra-
dius 136 m, which produces a crater of 1,351 m
radius. This ensures that more than one surface
element is affected by each impact and no impact
is lost between the surface elements. To resolve
smaller impacts, the number of surface points has
to increase quadratically with decreasing impactor
radius, which requires immense storage and com-
puting capabilities. For example, to resolve craters
from impactors with a radius of only 0.1 m, the
number of surface points has to be larger than
1011, with a total number of 1014 impacts to be
explicitly computed, which is beyond our accessi-
ble computing power.
However, neglecting the very numerous small
(and in terms of cratering relatively inefficient) im-
pactors and choosing the range of projectile radii
to fall between 136 m and 21,976 m, an explicit
three-dimensional simulation of the impact his-
tory of a 100 km asteroid over 4.5 Gyrs of Solar
System lifetime becomes doable. With these pa-
rameters, a statistical mean number of impacts of
only 5,977 (see top panel of Fig. 2) has to be ex-
plicitly treated. We divided the total simulation
time of 4.5 Gyrs into 106 time steps of 4,500 years
each to ensure that the probability of dual impacts
per time step becomes negligible. For each time
step, a list of random numbers is generated, to
decide whether or not an impact of a particular
impactor size from the chosen size range occurs
during the considered time step. If an impact oc-
curs, a random position of the surface is chosen to
select where the impactor hits the asteroid. This
results in a time sequence of impacts, represented
by a list of impactors of different sizes randomly
hitting the surface of the asteroid at a given posi-
tion.
In our benchmark test of the three-dimensional
simulations, the crater size only depends on the
impactor size, because impact velocity and vol-
ume filling factor are kept constant for all im-
pacts. Then, each impact is calculated sequen-
tially according to the above-mentioned list. First,
the linear distance of each (infinitesimally small)
surface element from the point of impact is cal-
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culated. Surface elements that are closer to the
point of impact than the calculated crater radius
are selected for further treatment. For simplic-
ity and for comparison with our one-dimensional
model, we here (and only here) assume hemispher-
ical crater shapes. For simplicity and only to com-
pare the three-dimensional simulations to the one-
dimensional mentioned below, we ignored com-
paction of the material below the crater floor.
To get a statistically meaningful result, we ran
the three-dimensional simulations 20 times, vary-
ing all random numbers. In the top panel of Fig. 7,
we show the resulting 20 size-sorted distributions
of the crater depths after 4.5 Gyrs of bombard-
ment as black lines, along with a three-dimensional
rendering of the asteroid shape. Here, one can see
that about 10 percent of the surface have not ex-
perienced a considerable cratering, consistent in
all 20 simulations. Due to small-number statis-
tics, the larger craters show the widest spread
among the different simulations, but follow the
same trend. The impactors producing craters
larger than the asteroid’s size would lead to an
overestimation of the crater depth in the outer
regions of these craters in the 1-dimensional ap-
proach. This effect can be seen in Fig. 7 as the
1-dimensional simulation exhibits larger craters on
the right-hand side of the plot. However, as the
bottom panel of Fig. 7 shows, the mean one-
dimensional depth profile falls within one standard
deviation of the three-dimensional runs for about
95% of the surface so that we consider the agree-
ment between the two approaches as satisfactory.
If the explicit shape of the resulting object and
the exact positions of the craters on the surface
are not of interest, one can run the simulation
in a one-dimensional fashion, as will be outlined
in more detail in Sect. 4. The one-dimensional
method possesses several advantages over the ex-
plicit three-dimensional treatment. However, the
one-dimensional simulations utilize an implicit
method and can therefore only be interpreted in a
statistical manner, because the individual surface
elements do not correlate with each other and do
not possess fixed positions on the asteroid surface.
In the one-dimensional case, the probability for
a surface element to be covered by a crater is given
by the mean crater coverage of the parent body,
resulting from impactors with the size-frequency
Fig. 7.— Top: Comparison of the sorted crater
depth distribution of 20 three-dimensional simula-
tions using 105 surface elements (shown as black
solid curves) and the one-dimensional simulation
with 104 surface elements (shown as red dashed
curve, see Fig. 6). In both simulations, the size
distribution of impactors was between 136 m and
22 km, the crater shape was assumed to be hemi-
spherical and re-accretion of ejected material was
neglected. The image in the inset shows the ex-
plicit result of the three-dimensional shape of one
of the three-dimensional simulations with realistic
crater shapes. A movie of the temporal evolution
of an initially spherical body with 100 km radius
due to cratering over 4.5 Gyrs can be found in
the online version. Bottom: Statistical variations
among the 20 three-dimensional simulations. The
dark and light blue regions denote a range of one
and two standard deviations from the mean, re-
spectively. The black curve shows the deviation of
the average one-dimensional from the mean three-
dimensional profile.
14
distribution of the asteroid belt as shown in the
bottom panel of Fig. 2. Each surface element is
covered with craters in a statistical manner with
its position inside the crater also being randomly
chosen for every impact. Thus, every surface ele-
ment resembles the collision history for one aster-
oid.
Numerically, the advantage of the one-dimensional
over the three-dimensional simulations is obvious,
because no impact is lost between surface ele-
ments and the lower size limit of the impactors or
crater sizes can be chosen arbitrarily small. Using
the same size range of impactors as for the three-
dimensional simulations, only two impacts occur
on average on every surface element and 100 time
steps suffice to ensure that a surface element is not
hit more than once during the same time step. To
gain a statistically meaningful average over many
asteroids, 104 surface elements were used. The ef-
fect of the number of surface elements is discussed
in Sec. 6.1 and shown in Fig. 6. The red dashed
curve in Fig. 7 shows the comparison between
the one-dimensional and three-dimensional sim-
ulations. One can see that both methods agree
very well with about 10 percent of the surface not
being hit by any impact, in the overall slope of
the crater-depth curve, and in the steep decline
of the crater-depth curve at the upper end of the
distribution. On top of this, the one-dimensional
method allows to resolve craters from impactors
with a radius of only 10 cm, as only the number of
time steps must be small enough to prevent dual
impacts within a single time step. Details follow
in the next Section.
However, if computational power allows, the
advantages of the three-dimensional model are ob-
vious, namely a full representation of the simu-
lated asteroid in all dimensions and the possibility
to “resolve” craters that are larger than the mean
spacing of the surface elements.
6. Simulation results
In this study, the Monte Carlo code described
in Sect. 4 was applied to an asteroid with an ini-
tial radius of 100 km. An asteroid of this size is
exposed to a bombardment of ∼ 1014 objects with
radii between 0.1 m and 22 km during the lifetime
of the Solar System (see Fig. 2). The total area
covered by impact craters exceeds the asteroid’s
total surface area by a factor of ∼ 85 − 187, de-
pending on the mean impact velocity and the as-
sumed (see Fig. 2). This high surface coverage al-
lows us to study the asteroid’s temporal evolution
in a statistical manner by assigning 10,000 rep-
resentative surface elements and calculating the
impact-driven evolution for each of them individ-
ually (see Fig. 6). We ran two different kinds of
simulations in which we either assumed that the
material of the crater volume is being totally re-
moved from the asteroid or fully re-accreted as
loose regolith following the impact.
In this section, the results of the Monte Carlo
simulations are analyzed for the effects of impacts
on the physical appearance of the parent asteroid
and with respect to the properties of the formed
meteoroids. We will describe the differences be-
tween the performed simulations in terms of the
total number of collisions, impactor size range and
the effect of re-accretion of the ejected crater ma-
terial.
6.1. Simulation parameters
In total we ran six individual simulations with
an initial volume filling factor of 0.6, which are
listed in Table 1. The simulation mentioned in
the first line is the reference simulation, covering
the full range of mean impactor sizes of 0.13264
m and 21,976 m. For simplicity, these are referred
to as 0.1 m and 22 km, respectively, in the rest of
the paper. For the reference simulation, the col-
lision number was chosen according to the higher
mean velocity of 5 km s−1 (see Fig. 2). The same
collision list for all 10,000 surface elements of this
simulation, including impactor size, collision time
and position within the crater, is used for all simu-
lations with Ncol,5. By selecting only those surface
elements from the simulations that never experi-
enced an impact above a certain size limit, the
effect of the largest impactors can also be stud-
ied using this simulation. Even for a maximum
impactor radius of 1 km (instead of 22 km in the
reference case), ∼ 2, 500 surface elements remain,
which is statistically sufficient as shown in Fig. 6.
An additional advantage of using the same colli-
sion history in almost all simulations is that the
influence of a specific parameter of the simulation
on its results does not depend on the set of random
numbers. Only for the runs with Ncol,3, a new set
of random numbers was computed. The simula-
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Table 1: Overview of the different simulations per-
formed in this study. All simulations use the same
collision list as described in the text. The initial
volume filling factor in all cases was 0.6, except for
F-HH-N, where we varied the volume filling factor
between 0.3 and 0.7. The stated impact radii are
the exact values used for the simulations, in the
text they are referenced as LH (0.1 m - 22 km),
HH (1 m - 22 km) and LL (0.1 m - 3 km).
Case Impactor radii [m] Regolith
F-LH-N 0.13264 - 21,976 No
F-HH-N 1.07 - 21,976 No
F-LH-Y 0.13264 - 21,976 Yes
F-HH-Y 1.07 - 21,976 Yes
F-LL-Y 0.13264 - 2,745 Yes
tion F-HH-N was additionally used to study the
influence of the initial volume filling factor on the
collision outcome by varying it between 0.3 and
0.7. For the study of the influence of the small
impactors (i.e. less than 1 m in size) on the vol-
ume filling factor and shape of the remaining as-
teroid, the simulation had to be run separately,
because there is no surface element that does not
experience such impacts.
The excavated mass fraction as a function of
impactor size is shown in Fig. 8. It is obvious
that impactors above 1 km in radius are of ut-
most importance, as they account for more than
90 percent of the ejected mass. The mean height
of the regolith layer according to all impactor sizes
of the Ncol,5 probability distribution function was
calculated to be 18 km for a 100 km sized asteroid
(Fig. 9). Out of these, a thickness of only ∼ 80 m
is formed by impactors with less than 1 m radius.
Impactors of less then 3 km in radius account for
6.4 km of regolith deposit. Hence, the largest im-
pactors (i.e. larger than 3 km in radius) are the
most violent and account for a regolith layer with
a thickness of about 11.6 km. It should be noted
that the regolith thickness thus depends mostly on
the infrequent impacts of the largest projectiles,
which is taken into account in the simulation.
The effect of the largest impactors on the aster-
oid can be easily studied in the case without re-
golith by simply choosing surface elements that do
not experience an impact with a projectile above
a certain size limit. However, in the case with
re-accretion of regolith, the total amount of ex-
Fig. 8.— Normalized cumulative excavated mass
as a function of mean impactor radius. Impacts
follow the Ncol,5 distribution with the range of im-
pact radii being 0.13264 m to 21,976 m.
Fig. 9.— Thickness of the regolith layer for an
asteroid with a radius of 100 km as a function
of the largest crater radius on the surface. The
vertical line denotes the assumed largest possible
crater radius of 100 km, which leads to a maximum
regolith thickness of 18 km.
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cavated mass of all surface elements need to be
known prior to the simulation. Thus, we ran two
simulation with regolith deposition, one with the
full distribution of impactor sizes (0.1 m - 22 km,
F-LH-Y) and one considering only impactors of
less then 3 km radius into account (F-LL-Y).
The effect of the impact velocity and the size of
the impactors on the properties of the formed me-
teoroids, can be studied simply by choosing only
the ejecta of those surface elements that were hit
by impacts of a certain velocity or size range.
6.2. Temporal evolution of the asteroid
Asteroids are believed to be among the most
pristine objects of our Solar System. In this study,
we try to assess how primitive in terms of colli-
sional evolution asteroids really are. For this, we
assume them to have once formed as spherical ob-
jects with an initial volume filling factor as a free
parameter. Fig. 10 shows the temporal evolution
of the mean volume filling factor with initial vol-
ume filling factors ranging between 0.3 and 0.7 in
the simulations F-HH-N. All simulated asteroids
were exposed to the same constant bombardment
of impactors with radii between 1 m and 22 km
over a time period of 4.5 Gyrs. Due to the impact
compaction, the difference in volume filling factor
decreases over time and results in a final average
volume filling factor of 0.87. The purple-shaded
area in Fig. 10 denotes the evolution in volume
filling factor for simulations with re-accretion of
regolith. Here, the upper edge of the blue-shaded
area refers to impactors with radii between 0.1 m
and 22 km (simulation F-LH-Y), resulting in a fi-
nal volume filling factor of 0.82, whereas the lower
edge is due to a bombardment of impactors with
radii between 0.1 m and 3 km (F-LL-Y), which
yields a final volume filling factor of 0.78.
Regolith re-accretion obviously reduces the av-
erage volume filling factor of the asteroid, because
most impacts occur on the loose regolith and not
on a pre-compacted surface. Thus, the impact
pressure according to Eq. 3 is lower, causing as-
teroids with regolith to exhibit a lower volume fill-
ing factor compared to those without. Britt et al.
(1987) estimated the mean volume filling factor of
different asteroid types and found them to clus-
ter around 0.8-0.9 (their Fig. 4). Thus their es-
timation is in general agreement with our simu-
lations and falls exactly in between the volume
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Fig. 10.— Temporal evolution of the mean vol-
ume filling factor of asteroids with initial volume
filling factors ranging from 0.3 to 0.7. All aster-
oids were exposed to the same bombardment with
projectiles ranging in radius between 1 m and 22
km over 4.5 Gyrs (F-HH-N). The purple-shaded
area shows the temporal evolution of an asteroid
with initial volume filling factor of 0.6 with re-
accretion of regolith. Here, the upper edge refers
to impactors with radii between 0.1 m and 22 km
(F-LH-Y), whereas the lower edge is due to a bom-
bardment of impactors with radii between 0.1 m
and 3 km (F-LL-Y).
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filling factors of our simulations with and without
regolith re-accretion. Information about the orig-
inal (average) volume filling factor of the asteroid
is deleted after 3 - 4 Gyrs in the case of no regolith.
With regolith re-accretion, the volume filling fac-
tor increases linerly with time, with no saturation
within the age of the Solar System. The final
volume filling factor today is 0.8 and, thus, sig-
nificantly lower than in the case without regolith
and slightly depends on the size of the largest im-
pactor (see Fig. 10). We conclude that any ∼ 100
km asteroid with considerably lower volume fill-
ing factor than ∼ 0.8 must be considered a rubble
pile (which means that it has re-accreted after a
catastrophic collision), whereas filling factors ex-
ceeding ∼ 0.9 indicate internal melting. This is
exactly what Britt et al. (1987) concluded in their
Figure 4.
In the following, we will focus on an initial vol-
ume filling factor of 0.6 and will present some more
details on the internal structure of the asteroid af-
ter 4.5 Gyrs of collisional evolution. In Fig. 11, we
show, from top to bottom, the internal compaction
for three cases, i.e. F-LH-N, F-LH-Y, and F-LL-Y,
respectively (see Table 1). On the left-hand side
of Fig. 11, the full depth of the asteroid is shown,
whereas on the right-hand side, we zoom in into
the uppermost 1,000 m of the asteroid. The color
bar represents the volume filling factor, ranging
from values of 0.6 (red) to values of 1.0 (black).
The sorting of the data with respect to the x-axis
is according to the depth from the original surface.
Generally, the remaining asteroid is more com-
pacted in its outer regions than close to the center,
with the degree of compaction not being the same
for all surface elements but varying significantly
with the number and intensity of impacts encoun-
tered. The influence of regolith re-accretion on the
overall compaction is very moderate but plays a
major role for the upper layers of the asteroid (see
below). Of more global importance is the presence
or absence of large impactors, because they pen-
etrate deep into the interior of the asteroid and
cause significant compaction close to the center
and deeper craters.
The volume filling factor of the uppermost
1,000 m shows a clear difference if regolith re-
accretion is considered or not. While the no-
regolith case shows for most of the surface ele-
ments volume filling factors above 0.9, the regolith
re-accretion forms a roughly 1 km deep layer with
a volume filling factor 0.6, which is then only
slightly compacted by subsequent impacts. How-
ever, a compacted crust is also formed in this
case, which can be seen by considering the aver-
age volume filling factor of the uppermost 10 m
of the asteroid as shown in Fig. 12. As the sim-
ulation without regolith (F-LH-N) exhibits a very
compacted surface material with a mean volume
filling factor of more than 0.9 and ∼ 70 percent of
the surface even possessing no porosity, the sim-
ulations with regolith (F-LH-Y and F-LL-Y) are
dominated by the re-accreted material. About 70-
75 percent of the surface element have not been
compacted at all in the uppermost 10 m, with
the rest having experienced compression by small
impactors. This higher degree of compaction is
consistent with the fact that a significant fraction
(≤ 15%) of chondrites are regolith impact breccias
that can be considered as being a by-product of
this collisional processing (Bischoff et al. 2006).
From Fig. 11 it can be seen that re-accretion of
material leads to a regolith thickness of ∼ 18 km
for the full range of projectile sizes (simulation F-
LH-Y), but only to a thickness of 6.4 km for the
case of a reduced upper projectile size (simulation
F-LL-Y). The influence of the size of the largest
projectile on the overall volume filling factor of
the entire asteroid as well as for the uppermost
1,000 m is rather small. The average volume fill-
ing factor decreases from 0.82 to 0.78, when the
largest projectile size is reduced from 22 km to 3
km. Without re-accretion of material, the average
volume filling factor is 0.88. For the uppermost
1,000 m, the differences in the two cases with re-
golith re-accretion are also small, with the thick-
ness of the uncompressed layer being roughly half
as thick in the case of the largest projectile being
3 km in radius.
6.3. Properties of the forming meteoroids
As described in the introduction, meteorites are
the best source of available asteroidal material.
Most of them show an absolute age of 4.5 Gyrs,
and a CREA of ∼ 20 Myrs. To make the crater
ejecta of our simulation comparable to the con-
temporary meteorites, a time span of 20 Myrs is
used as temporal bin size. Due to the impact com-
paction of the underlying asteroid, the pressure
in subsequent impacts is higher than in previous
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Fig. 11.— Asteroidal compaction after 4.5 Gyrs of continuous bombardment in identical notation as in Fig.
5. The plots on the left-hand side show the compaction (color coded) and crater depth distribution (y-axis)
of the whole asteroid, the plots on the right-hand side show a zoom into the uppermost 1,000 m of material.
The top row shows the reference simulation (F-LH-N; the plot being identical to the one shown in Fig. 5
for 4.5 Gyrs), the center row refers to an asteroid with the same collision history, but with re-accretion of
material (F-LH-Y). The bottom row indicates the simulation that ignores impacts with projectiles larger
than 3,000 m (F-LL-Y). The horizontal dashed lines denote the position of the original surface of the asteroid.
The value given in the upper right corner of the plots denote the average volume filling factor for the three
cases. The initial volume filling factor in the simulation was 0.6.
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Fig. 12.— Distribution of the average volume fill-
ing factor of the uppermost 10 m of the asteroid
after a continuous bombardment of 4.5 Gyrs for
an asteroid with and without re-accretion of re-
golith. Shown are the F-LH-N simulation (solid
yellow curve), the F-HH-N simulation with ini-
tial volume filling factors of 0.3 and 0.7 (as dash-
dotted light blue curve and dashed-dot-dot-dotted
orange curve, both exactly lying on top of one an-
other), respectively. The red dotted-dashed curve
refers to those surface elements of the F-LH-Y sim-
ulation and the blue dashed curve to those of the
F-LL-Y simulation that have only experienced im-
pactors with radii of less than 3 km. The initial
volume filling factor in these simulations was 0.6.
impacts and therefore also the volume filling fac-
tor of the crater ejecta increases over time. Fig.
13 shows the mean volume filling factor of the
formed meteoroids in 20 Myrs time steps at dif-
ferent times after the formation of the asteroid.
For comparison, we show the results of the refer-
ence simulation (F-LH-N, crosses) and the simula-
tion F-HH-N with initial volume filling factors of
0.3 and 0.7, respectively (diamonds and triangles),
all three without re-accretion of regolith. Further-
more, two simulations in which the ejected mate-
rial is re-accreted as regolith, are shown by aster-
isks (F-LH-Y) and squares (F-LL-Y). The mean
volume filling factor of the formed meteoroids in
the reference simulation reaches a constant value
of ∼ 0.98 − 1 after only ∼ 500 Myrs. This fast
surface-compaction process is dominated by the
smallest impactors, which can be seen when com-
paring the temporal evolution of the compaction
with simulations using different initial volume fill-
ing factors and allowing only impactors larger than
1 m. This decreases the total surface coverage
from 187 to only 11 for the Ncol,5 case. Even if
the simulation starts with an initial volume filling
factor of 0.3, the meteoroids formed in the simu-
lation obtain an almost compact state after only
∼ 500 Myrs, which is the average time in which
each surface element of the simulation is hit once
and after which the difference between the initial
volume filling factor of 0.3 and 0.7 has vanished. If
re-accretion of regolith is taken into account, the
impactors most likely hit a surface element covered
by regolith, which leads to a steady temporal in-
crease in volume filling factor, with a present value
of ∼ 0.93. A difference induced by the largest im-
pactor size could not be found in the regolith case.
7. Discussion
In this section, we will interpret the results pre-
sented in the previous section. First, we will dis-
cuss the expected internal structure of the aster-
oid and the influence of the largest impactor on
the internal structure and excavated mass. Then
the height profile of our simulations is compared
to that of the asteroid (21) Lutetia. Hereafter,
we will discuss the required properties that lead
to a maximal pressures experienced by the crater
ejecta, which resemble the measured shock stages
of the excavated meteorites. Finally, we will pro-
pose a model for the evolution of asteroids and the
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Fig. 13.— Mean volume filling factor of the
ejected meteoroid mass as a function of time after
the formation of the asteroid. Besides the refer-
ence case (F-LH-N, crosses), initial volume filling
factors of 0.3 (diamonds) and 0.7 (triangles), re-
spectively, are shown. In these cases, the smallest
impactor size was set to a radius of 1 m (F-HH-
N). Two regolith cases are denoted by asterisks
(F-LH-Y) and squares (F-LL-Y), which differ in
the maximum projectile size of 3 km and 22 km,
respectively.
formation of meteoroids.
7.1. Internal structure of primitive aster-
oids
As shown in Fig. 11, our simulations reveal
the internal porosity of the contemporary aster-
oids and the influence of the re-accretion of re-
golith. Although the overall volume filling factor
only decreases from 0.88 (case F-LH-N) to 0.82
(case F-LH-Y) when a regolith surface is consid-
ered, the internal structure is quite different. The
most remarkable difference is unsurprisingly found
within the ∼ 18 km of accreted regolith. Due to
the continuous impacts onto pre-shocked material,
the case of no regolith accretion exhibits about 70
percent of the uppermost 1 km to be completely
non-porous (see top right panel in Fig. 11). On
contrast, with re-accretion of regolith in between
subsequent collisions, the porosity of the upper-
most 1 km layer is determined by the deposition
process and, thus, obtains values of ∼ 0.6. The
presence of a regolith layer is supported by multi-
ple observations of the shock stages and annealing
features experienced by ordinary chondrites. Ru-
bin (2004) envisioned that ordinary chondrite an-
nealing was consistent with rocks buried beneath
the floor or lining the walls of an impact crater or
deposited in a hot, thick ejecta blanket.
Although the surface coverage by impact
craters is much higher for small projectiles (see
Fig. 2), the largest impactors determine the thick-
ness of the regolith layer, as can be seen by com-
paring the middle and the bottom panel of Fig.
11. Reducing the upper limit of the projectile size
distribution from 22,000 m radius to 3,000 m (case
F-LL-Y) leads to a further decrease in volume fill-
ing factor to 0.78 and a decrease of the regolith
thickness to only ∼ 6.4 km. The intensity of com-
paction that reaches the center of the asteroid
systematically decreases from the case with no re-
accretion of regolith to the case with re-accretion
of regolith and a reduced upper projectile size. We
conclude that the most primitive (un-compacted
and un-shocked) ordinary chondrite like material
can only be found in the deep interior of aster-
oids, which have a key implication for envisioned
sample return missions. However, carbonaceous
asteroids could behave differently as they contain
volatiles and are more matrix rich.
Our simulations suggest that the moment of
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inertia of primordial asteroids should be slightly
higher than that of homogeneous bodies, because
the average compaction increases radially out-
ward. In the case of a spherical asteroid, we ex-
pect the moment of inertia to be I > (2/5)MR2,
with M and R being the mass and radius of the
asteroid. Due to uncertainties in the spatial distri-
bution of the largest craters, however, we cannot
be more quantitative at this point.
7.2. Influence of the maximum impactor
size
As we have shown in Fig. 8, the majority of
the excavated mass stems from a few largest im-
pactors. Here the question arises how probable
the collision with an impactor within a given size
range is. To calculate the probability Pk(T ) for a
target body to be hit k times over a time period
T , we use the Poisson statistics of independent
events, i.e.,
Pk(T, rmin, rmax) =
λk
k!
exp (−w(rmin, rmax)T ).
(17)
Here, w(rmin, rmax) is the collision rate per unit
time of the target with impactors of the size be-
tween rmin and rmax. The above expression sim-
plifies to
P0(T, rmin, rmax) = exp (−w(rmin, rmax)T ) (18)
for the case of no collision, i.e. k = 0. In Ta-
ble 2, we summarize P0(T, rmin, rmax) for T = 4.5
Gyrs. As can be seen in Table 2, a target with 100
km radius is very unlikely to escape an impact of
bodies with at least 6 km radius, whereas a tar-
get body half its size (50 km radius) possesses a
∼ 20 percent chance to do so. Thus, we varied the
maximum size of the impactors in order to inves-
tigate their quantitative influence on the collision
outcome.
From the previous sections, it has become clear
that the maximum impactor size is of utmost im-
portance for the collision outcome and the prop-
erties of the resulting meteoritic material. Fig. 9
shows the resulting regolith thickness as a function
of the radius of the largest crater on the surface,
which is a measure of the size of the largest im-
pactor. Although the data shown in Fig. 9 refer
to an asteroid with 100 km radius, this should be
also valid for asteroids of different sizes as long
as almost all excavated material is re-accreted as
regolith, because the coverage of the surface is in-
dependent on the asteroid size (see Fig. 2). We
find an almost linear increase of the regolith thick-
ness with increasing crater size up to a layer depth
of ∼ 15 km, and a somewhat shallower increase for
larger crater sizes. Thus, the measurement of the
size of the largest crater might be used for the de-
termination of the total depth of regolith on an
asteroid.
7.3. Surface profile of asteroids
In this subsection, we will compare the surface
profile of our model asteroid, as shown in Fig. 11,
with the surface profile of asteroid (21) Lutetia,
because this asteroid has a size similar to the one
used in our simulation and a high-resolution shape
model is available (Farnham 2013). We assume
Lutetia to be once formed as a spherical object
around with its center of mass identical to the
present. Furthermore, we assume that the largest
distance of the surface to the center of mass of
(21) Lutetia is the initial radius of the asteroid.
Applying the shape model by Farnham (2013), we
then derived the surface profile of (21) Lutetia by
calculating the distance of each surface element of
the shape model to the center of mass. As Lutetia
is a large body with a maximum diameter of 121
km, it re-accreted almost all material produced
by impacts during its lifetime (O’Keefe & Ahrens
1985).
From Fig. 9, we can infer the thickness of the
regolith layer on (21) Lutetia to be around 4 km,
because the largest crater on (21) Lutetia has a
diameter of about 55 km (Sierks et al. 2011). In
Fig. 14, the actual surface profile of (21) Lutetia
is shown as the lowermost of the four solid curves.
It is obvious that Lutetia’s overall surface profile
cannot be reconstructed with our full model F-LH-
Y (labeled n(5km/s) in Fig. 14).
However, the much shallower decline of the
depth profile of asteroid (21) Lutetia and the size
of its biggest crater suggest that Lutetia was not
hit by projectiles all the way up to more than 20
km in radius, as we used in simulation F-LH-Y.
Reducing the maximum impactor radius to 6 km,
4 km, and 2 km, respectively, results in the three
other simulation curves shown in Fig. 14. Further-
more, from the profile of the highest 10 percent of
Lutetia’s surface, it is obvious that the asteroid
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possesses some kind of “mountain” with about 10
km in height (see below). Thus, we ignored the
most elevated parts of (21) Lutetia by flattening
them by 5, 7.5 and 10 km, respectively. The re-
sults are shown as the other three solid lines in Fig.
14. A comparison of these surface profiles of aster-
oid (21) Lutetia with our simulations shows quite
good agreement for a maximum impactor size of
∼ 4 km in radius. We find both, the slope of the
surface profile in the central ∼ 60 percent of the
surface as well as the presence and depth distri-
bution of the deepest ∼ 20 percent of the surface
reasonably well represented by our model.
Vincent et al. (2012) measured the depth-to-
diameter ratio for Lutetia’s craters and found val-
ues ranging from 0.05 to 0.3, with the higher values
being related to the youngest craters. Thus, the
difference in the surface profile for the very largest
craters (and, thus, the deepest terrain) can be ex-
plained by a difference in their formation time be-
tween the simulation and asteroid (21) Lutetia,
because the relation between shape and age of
the craters can be explained by the continuous re-
accretion of regolith and intrinsically slightly shal-
lower craters, due to back-flowing material from
the crater walls towards the crater center. This
may explain why the slope of the deepest ∼ 10%
of the terrain is somewhat steeper in our simula-
tions.
The above-mentioned “mountain” on asteroid
(21) Lutetia is obviously a realistic feature. The
furthest point on Lutetia’s surface is at a distance
of 67.770 km from its center of figure. Displaying
the uppermost 10 km on Lutetia (corresponding
to 12.8% of Lutetia’s surface) shows that they be-
long to only three individual geographical regions
(i.e. three “mountains). The uppermost 7.5 km
(6.8% of Lutetia’s surface) belong to two “moun-
tains” and the uppermost 5 km (3.1% of Lutetia’s
surface) belong to just one “mountain”.
7.4. Comparison between the maximum
experienced pressure and the mea-
sured shock stages of meteorites
After a bombardment of 4.5 Gyrs duration, our
two simulation types, i.e., with and without re-
golith, exhibit significantly different distributions
of the maximum pressure and, thus, the shock
stage of the produced meteoroids. Here, we will
compare the simulated shock stages with those
Fig. 14.— Comparison of the surface profiles of
asteroid (21) Lutetia (based on the shape model
of Farnham (2013)) and our simulations. The four
solid curves for asteroid (21) Lutetia are, from bot-
tom to top, the actual surface profile and the sur-
face profiles shifted upwards by 5, 7.5 and 10 km,
respectively. The results of four simulations are
labeled by n(5km/s) for the full simulation F-LH-
Y and by < 6km, < 4km, and < 2km, in which the
maximum impactor size was restricted to 6 km, 4
km, and 2 km, respectively.
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of real meteorites, which certainly must be done
with caution. For this comparison, we used all or-
dinary chondrites from the Meteoritical Bulletin
Database that possess an unambiguous assign-
ment to one of the shock stages defined by Stoeffler
et al. (1991). As these are only defined within dif-
ferent distinct pressure ranges with some gaps in
between, but the pressures derived in the simu-
lation is continuous, the transition range between
two neighboring shock stages will be dedicated to
both, the lower and the higher shock stage. We
only use ordinary chondrites with a petrologic type
less than 4, because these are the least thermally
altered meteorites, which most likely stem from
undifferentiated asteroids or from the surface of
differentiated parent bodies. If the parent body
is differentiated, its volume filling factor must be
higher in the internal region (Henke et al. 2012),
which leads to higher pressures and higher shock
stages. In order to simulate differentiated parent
bodies, the thermally compacted material must be
tracked in the simulations, which was not done in
this study and remains as future work. It must
be clear that the data from the Meteoritical Bul-
letin Database do by far not contain all known
meteorites, nor do all of the listed meteorites have
an unambiguously assigned shock stage. Addi-
tionally, we do not distinguish between the three
main groups of ordinary chondrites, which stem
from different parent bodies. We assume that
the material of the L, LL, and H chondrites be-
have not too different when impacted. As each
of our simulations is an average of 10,000 single
one-dimensional surface elements, we assume that
an averaging over the three chondrite groups (L,
LL, H) should be consistent with our approach.
Thus, each surface element either represents an in-
dividual target body or an arbitrary point on the
surface of that body. Each surface element has
its own collision list and the entirety of all 10,000
surface elements represents an ensemble of bodies
or a single body.
The distribution of shock stages of chondritic
meteorites with low petrologic type in comparison
with the numerical results of this study are shown
in Fig. 15. On the ordinate, we plot the normal-
ized cumulative mass of either the meteorites in
the Meteoritical Bulletin Database or that of the
excavated mass in our simulations during the last
20 Myrs, according to the typical CREA of the
meteorites, which can be interpreted as a mean
value of the real CREA ranging from 5 to 40 Myrs
(Eugster et al. 2006). For better visibility, the bot-
tom panel of Fig. 15 zooms into the highest shock
stages S5 and S6. The dashed regions between
the well-defined red shock-stage regions are transi-
tion zones, which we assigned to both neighboring
shock stages. From Fig. 15, one can see that the
cases with re-accretion of regolith do not fit the ob-
served shock stages. The reason for this mismatch
is that the overlaying km-thick regolith layer re-
sults in a much lower impact pressure, due to the
considerably lower sound velocity in the granular
regolith, according to Eq. 3. A better match be-
tween observed shock stages and simulated pres-
sures can be found for those cases in which the im-
pactors hit consolidated material. Here, a strong
dependence of the pressure distribution function
on the maximum impact velocity was found. The
best agreement with all shock stages was found for
those surface elements of the F-LH-N simulation
that were hit at velocities higher than 6 km s−1,
neglecting all surface elements that were not hit
at all or at lower velocities. By comparing these
results with those shown in Fig. 13, we see that
the filling factors for those cases without regolith
are typically 0.98-0.99, whereas with regolith fill-
ing factors of 0.92 are achieved. These values are
unfortunately so close together that the poros-
ity values found in ordinary chondrites, namely
7.4± 5.3% (corresponding to φ = 0.93± 0.05) for
falls and 4.4± 5.1% (φ = 0.96± 0.05) for finds, as
reported by Consolmagno et al. (2008), can be ex-
plained by both cases. Here, it must also be taken
into account that macroporosity (i.e., by cracks)
could play a role in meteorites that cannot occur
in our model.
We have shown above that asteroids with sizes
in the 100 km range should retain most of the
excavated material and, thus, should be covered
with a many km thick regolith layer. However,
this cannot explain the high shock stages found
in ordinary chondrites, which, according to our
simulations, can only be reproduced in a regolith-
devoid case. We will discuss this discrepancy in
the following section.
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Fig. 15.— Top: Comparison between the ob-
served distribution of shock stages in ordinary
chondrites with a petrologic type less than 4 and
with a defined and unique shock stage (red boxes),
and the maximum pressure experienced by the
mass ejected in the last 20 Myrs in our simulations.
The ordinate denotes the normalized cumulative
mass of the meteorites and the excavated parti-
cles in our simulations. The dashed boxes refer
to the transition zones between the shock stages,
which we assign to both neighboring shock stages
in terms of mass. The colored curves all refer to
the F-LH-N simulation, but only surface elements
that were hit by impacts above the stated velocity
limit are cumulated to study the effect of the col-
lision velocity. One can see that the best correla-
tion is found for impacts above 4 km s−1. Bottom:
Zoom-in into shock stages 5 and 6.
7.5. An evolution model for asteroids and
the formation of meteoroids
In this subsection, we will propose an evolution
model for asteroids and a formation model of me-
teoroids that is based on the results and discussion
presented in the previous Sections.
The evolution of the asteroids starts after their
formation 4.5 Gyrs ago as large and porous par-
ent bodies. These bodies then are exposed to a
steady bombardment of different sized impactors
at random velocities during the time span until
present. Most of the ejected mass in an impact is
re-accreted by the & 100 km-sized parent bodies
and forms a layer, whose thickness depends on the
size of the largest impactor. We predict the thick-
ness of this layer through the size of the largest
crater on the asteroid (see Fig. 9). Schra¨pler et al.
(2015) studied the packing density of a regolith
layer under different gravity levels and found the
volume filling factor to saturate at a value of 0.6
for thicknesses exceeding a few meters. This re-
golith layer shields the asteroid from a high de-
gree of compaction on its surface. Nevertheless, a
compacted crust is formed below the regolith layer
(see Fig. 11). A layer of regolith is also consistent
with the formation of breccias that account for up
to 15% of all ordinary chondrites (Bischoff et al.
2006). Material that escapes these parent bod-
ies possesses time-independent properties (see Fig.
13). These meteoroids do not match the shock
stages of real meteorites (see the regolith cases in
Fig. 15).
The continuous bombardment leads to a signif-
icant change of the asteroid’s shape by the crater-
ing process. A comparison of our simulations to
the surface shape of asteroid (21) Lutetia reveals
that it can be explained best if the crater ejecta
are gravitationally re-accreted (and, thus, form a
regolith layer) and the largest impactor possesses
a radius of 4 - 6 km (see Fig. 14). With these
parameters, a maximum crater diameter of about
40 - 60 km and a thickness of the regolith layer
of ∼ 4 km can be expected. This is in very good
agreement with that largest crater found on (21)
Lutetia.
From this, we conclude that chondritic mete-
orites cannot directly originate from parent bodies
with a considerable regolith layer. Most ordinary
chondrite groups exhibit a CREA of 5 - 40 Myrs,
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which is the time span the meteorites were exposed
to the cosmic rays as bodies smaller than about a
few meters in size, either as free-flying bodies or
being on the surface of a larger body. Based on
our above findings, we here propose that a very
large impactor & 10 Myrs ago lead to partial or
full fragmentation of a large asteroid, thus expos-
ing compacted material from the interior of the
asteroid (see Fig. 11). The impact occurred on
the regolith and therefore did not produce high
pressures of the surface material. The largest frag-
ments of this impact were on the order of 1 km in
size so that their lifetime against collisions in the
asteroid belt was sufficiently long to deliver me-
teorites to the Earth. In a subsequent impact of
a smaller body onto these regolith-free fragments,
meteoroids were formed that experienced high im-
pact pressures and led to meteorites with high
shock stages, which is consistent with many ordi-
nary chondrite falls from which there is evidence
of multiple impacts at work during the full path-
way to Earth (Llorca et al. 2005). If the fragment
is larger than 1 km in size, a significant amount of
the ejecta would be re-accreted (O’Keefe & Ahrens
1985). As impacts at higher velocity also produce
ejecta with higher velocity, which then would have
an increased probability to escape the target body,
this would explain the better fitting of the higher
velocities to have produced the meteorites as vis-
ible in Fig. 15. From this point in time, the me-
teorites were being exposed to the cosmic rays for
around ∼ 20 Myrs.
Our scenario of large impacts playing a key
role in the delivery of chondrites to Earth is also
consistent with significant physical processes at
work: excavation, fragmentation, brecciation and
shock-induced annealing of these rocks. Just to
cite some examples in our meteorite collections,
genomic breccias are rocks containing clasts and
matrix of the same compositional group, but of
different metamorphic type that could be coming
from different depths in the same parent asteroid
(see, e.g., the review by Bischoff et al. (2006)).
These amazing rocks fit very well with mutual im-
pacts under moderate shock pressures that can be
roughly constrained due to the transformations in-
duced in the rock-forming minerals. Another ex-
ample are regolith, and fragmental breccias that
evidence the compaction of surface materials by
moderately large impacts. Sometimes the released
energy by impacts is of such a magnitude that
they produce shock melted rocks with unmelted
clasts (known as impact melt breccias). Obvi-
ously, even although different collisional circum-
stances can occur in the real nature, the chondritic
products found so far are reasonably well predicted
by our model. We envision that these chondritic
products were accumulated in the outer layer of
collisionally processed asteroids, and can be also
potentially transported by large impacts.
Carbonaceous chondrites are not the focus of
this study, but they are in general agreement with
the above evolution model. They show a typical
CREA of only ∼ 10 Myrs, which is lower com-
pared to ordinary chondrites. As they need ap-
proximately the same time of ∼ 10 Myrs to be
transferred to Earth, the time span for the com-
paction after being ejected from their regolith-
baring parent body is much shorter, and therefore
a lower shock stage and volume filling factor can
be expected. The relative rarity of shock members
among carbonaceous chondrites in the meteorite
collections can also be explained by the high bulk
water contents of CI, CM and CR carbonaceous-
chondrite groups, because they would be destroyed
via explosive volatile expansion. In any case,
volatile-poor groups like, e.g., CO and CV chon-
drites, have possibly not survived a high degrees
of shock metamorphism. Probably they are less
compacted by annealing and are too fragile to sur-
vive the long cascade of impact processes that de-
liver them to near-Earth space (Trigo-Rodriguez
& Blum 2009).
8. Conclusions
In this paper, we presented a model to ex-
plain the evolution of asteroids and the forma-
tion of meteoroids. The model follows the impact-
compaction of 100-km sized asteroids since their
formations as porous large spherical objects, due
to the continuous bombardment of impactors be-
tween 0.1 m and 22 km in radius. From the size of
the largest impact crater on the asteroid surface,
the thickness of the regolith layer can be predicted.
We found that the overall surface profile of the
simulated asteroid to be roughly consistent with
that of asteroid (21) Lutetia, which supports the
assumption that asteroids were initially formed as
large, almost spherical and porous objects.
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We found that the chondrites originate most
likely not from large, regolith-covered objects,
but from smaller regolith-free asteroid fragments,
whose sizes are such that their lifetime is larger
than the CREA but which cannot retain consid-
erable amounts of regolith.
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Table 2: Probability of a target body to escape
impacts with projectiles in the size range between
rmin and rmax over the age of the Solar System
(T = 4.5 Gyrs). Mind that the maximum im-
pactor radius of 24.67 km is the upper end of the
logarithmic bin centered at 21.98 km.
Target radius (km) rmin-rmax (km) Pk(T, rmin, rmax)
100 19.58-24.67 8.1E-1
100 15.54-24.67 6.5E-1
100 12.33-24.67 4.3E-1
100 9.79-24.67 1.7E-1
100 7.77-24.67 3.9E-2
100 6.16-24.57 1.7E-3
100 4.89-24.57 1.2E-5
100 3.88-24.57 5.3E-10
50 19.58-24.67 9.5E-1
50 15.54-24.67 9.0E-1
50 12.33-24.67 8.1E-1
50 9.79-24.67 6.4E-1
50 7.77-24.67 4.5E-1
50 6.16-24.57 2.0E-1
50 4.89-24.57 5.9E-2
50 3.88-24.57 4.8E-3
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